Reduction of the thermal resistances of the heat exchangers of a thermoelectric generation (TEG) system leads to a significant increase in TEG efficiency. For the cold side of a thermoelectric module (TEM), a wide range of heat exchangers have been studied, from simple finned dissipators to more complex water (water-glycol) heat exchangers. As the Nusselt number is much higher in water heat exchangers than in conventional air finned dissipators, the convective thermal resistances are better. However, to conclude which heat exchanger leads to higher efficiencies, it is necessary to include the whole system involved in the heat dissipation, i.e., the TEM-to-water heat exchanger, the water-to-ambient heat exchanger, as well as the required pumps and fans. This paper presents a dynamic computational model able to simulate the complete behavior of a TEG, including both heat exchangers. The model uses the heat transfer and hydraulic equations to compute the TEM-towater and water-to-ambient thermal resistances, along with the resistance of the hot-side heat exchanger at different operating conditions. Likewise, the model includes all the thermoelectric effects with temperature-dependent properties. The model calculates the net power generation for different configurations, providing a methodology to design and optimize the heat exchange in order to maximize the net power generation for a wide variety of TEGs.
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INTRODUCTION
One of the most important applications of thermoelectrics (TEs) is conversion of heat into electric power. 1, 2 In this field, thermoelectric generation (TEG) systems present important advantages over other ways of providing energy, such as turbines or thermal engines. TEGs have less maintenance and are more compact, robust, and reliable since they are easily controlled and lack moving parts. Due to their advantages, TEGs have played a key role in the aerospace field. For more than 40 years, TEGs have been producing electricity for various spacecraft, from Transit missions (1961 to 1964) to MSL-Curiosity (2011). 3, 4 Nowadays, waste heat recovery applications, i.e., turning waste heat into electricity, are a focus of research. The amount of waste energy being thrown away to the atmosphere is enormous, and TEGs are a good option because of the positive features mentioned above. In this sense, a possible application lies in the automotive sector, i.e., generation of electric power from heat wasted though the tailpipe. This technology produces a reduction of $5% in fuel consumption. 5, 6 Likewise, heat recovery in the industrial sector, both in the manufacturing sector and in electricity generation industries, is also a very interesting application. 7, 8 A theoretical study showed that 100 MW of electric power could be recovered by TEGs installed in all cogeneration plants in Thailand.
Efforts are being devoted to increase the efficiency of thermoelectric modules (TEMs). Most researchers have focused on improving the figure of merit 9,10 of thermoelectric materials, whereas others aim to improve the efficiency of TEGs by optimizing the heat exchangers on the hot and cold sides of the TEM. These devices transfer heat from the heat source to the hot side of the TEM and from the cold side of the TEM to ambient, respectively. The importance of reducing the thermal resistances of these heat exchangers to maximize the efficiency has already been revealed. 1 Numerous studies have focused on optimizing the thermal resistance of the heat exchanger on the cold side, 2, 11, 12 based on which heat exchangers with water as the working fluid have emerged as a promising alternative. Heat exchangers with refrigerant fluids have higher convective coefficients than common finned dissipators with or without fans. 13 Recent research has focused on optimization of water heat exchangers, where the number of channels or the cross-sectional areas are studied to obtain the highest convective coefficients. 14 It has also been demonstrated that microgeometry of water heat exchangers leads to similar generated power with lower water mass flow. 15 This work has indicated high thermal resistances for water heat exchangers located on the cold side of the TEM. However, this research is incomplete, since to compute the true thermal resistance on the cold side of the TEM, it is necessary to include also the thermal resistance of the water-to-ambient heat exchanger. The water temperature increases due to the heat absorbed from the TEMs, so a second heat exchanger is needed to cool down the water, exchanging heat with ambient. The dissipation system for the cold side includes the TEM-to-water heat exchanger, a pump to make water circulate along the pipes, a water-to-ambient heat exchanger, and connecting pipes. Each component should be accounted for to obtain the final thermal resistance and the auxiliary power consumption. This paper presents a calculation methodology based on a computational model which obtains the total thermal resistance, as well as the power consumption of the auxiliary equipment (pump and fans). The total thermal resistance is composed of that of the TEM-to-water heat exchanger, the water-to-ambient heat exchanger, and the connecting pipes. This model is combined with a previous computational model 1 that calculates the generated electric power and the efficiency of the TEGs to finally provide the net generated power. This methodology is used to optimize the net power. Different configurations for the TEM cold-side dissipation system are studied, considering both conventional finned dissipators and water heat exchanger technology.
OBJECTIVES
The main objective of this paper is to conduct a computational study on the influence of the TEM cold-side heat exchanger on the total efficiency of the TE system. The specific objectives are:
To implement a predictive computational model to simulate the whole behavior of a water dissipation system, including all elements: TEM-to-water heat exchanger, water-to-ambient heat exchanger, pipes, and the pump. This model will provide the power consumption and the total thermal resistance. To carry out a comparative study of a water heat exchanger and finned dissipator. To combine the developed computational model with a previous model 1 to obtain the generated net power of the TEG. To carry out a comparative study of five different configurations of the cold-side heat exchanger to maximize the generated power and efficiency of the TEG.
METHODOLOGY AND COMPUTATIONAL MODEL
A TEG is composed of three parts: TE module(s), a hot-side heat exchanger to exchange heat from the heat source to the TEM hot side, and the cold-side heat exchanger.
The simplest cold-side heat exchanger is a finned dissipator with a fan, as shown in Fig. 1a . However, there exists an alternative that uses a liquid (normally water or water mixed with an alcohol) as a working fluid. This liquid transports the heat from the TEM to ambient. This configuration has been studied recently 2, 13, 14 owing to the high cooling potential offered by the fluid. This system is more complex because of the additional elements that can be seen in Fig. 1b: 1. TEM-to-water heat exchanger: This is a plate with channels through which the liquid circulates to absorb the heat coming from the TEM. 2. Connecting pipes: Some pipes connected to the different elements, and a pump to make the liquid circulate.
3. Water-to-ambient heat exchanger: Its principal goal is to dissipate heat from the liquid to ambient. This heat exchanger can have a fan to create forced convection or simply work by natural convection.
Methodology
To design and optimize a TEG for a specific application, it is necessary to obtain two main parameters: the TE generated power, which depends on the temperature of the sides of the TEM, and the electric power consumption of the auxiliary equipment. The temperature of the TEM is set by the heat exchangers situated on both sides. The generated net power consumption is maximized through Eq. (1).
where
In Ref. 1, a TE generation predictive model was presented. Its accuracy was higher than 95%. The generated power was provided as a function of the heat exchanger thermal resistances:
In the present work, another computational model has been implemented to calculate the total thermal resistance of the cold-side heat exchanger as well as the power consumption of the auxiliary equipment. It requires as an input parameter the heat emitted by the cold side of the TEM, which has to be dissipated by the system, as indicated in Eqs. (4) and (5).
To calculate the heat dissipated, it is necessary to know the TE generated power, as well as the TEM efficiency. These values depend on the thermal resistances of both heat exchangers. In turn, these resistances depend on the heat dissipated. Therefore, an iterative method between the two computational models is proposed. Figure 2 shows the steps followed to finally obtain the net generated power.
In this methodology, the thermal resistance on the hot side of the TEM (R h ) is not included in the iterative calculation. This is because this heat exchanger does not rely on auxiliary equipment. However, it is important to note that the methodology would also be applicable if this heat exchanger were to have auxiliary equipment.
TEM-to-Ambient Heat Exchanger Computational Model
This computational model solves the thermal and hydraulic expressions and follows the methodology shown in Fig. 3 . It computes pressure losses and thermal resistances as a function of the air and water mass flows for each element of the dissipation system.
This model solves the thermal and hydraulic expressions for a range of water mass flows. Once each point in the range has been solved, the char- Study of Complete Thermoelectric Generator Behavior Including Water-to-Ambient Heat Dissipation on the Cold Side acteristic curve of the hydraulic system is obtained. The intersection of this curve with the pump curve provides the operating point.
Thermal Calculation
Equation (6) shows the total thermal resistance of the system, R c , comprising those of the TEM-to-water heat exchanger, water-to-ambient heat exchanger, and connecting pipes.
The heat flux coming from the cold side of the TEM ( _ Q c ), which corresponds to the heat dissipated to ambient through the elements of the system, must be calculated to use Eq. (6) . There are four temperatures to find, i.e., the input and output of both heat exchangers, as can be seen in Fig. 4 . Given _ Q c , the temperature difference
Þis known through Eq. (7).
The method used is an iterative process, since the four temperatures and the heat fluxes are unknown. The starting point is the assumption of three temperatures: T 1 , T 3 , and T 4 . Utilizing Eq. (7), T 2 is obtained, setting the four temperatures for further calculation. The heat transfer global coefficients are then calculated through Eq. (8).
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The heat transfer coefficient includes internal convection, conduction, and external convection. The expressions for laminar and turbulent flow are given by Eqs. (9-11). For the external convective coefficient, two different scenarios were studied, namely natural convection and forced convection provided by a fan, as follows: 
Nu e ¼ 0:3 þ 0:62Re 
For the water-to-ambient heat exchanger (a fancoil), the calculation of the heat transfer coefficient needs different expressions due to its geometry. This heat exchanger exhibits a core composed of pipes and transversal fins. A fan is included to force the air flow through the fins. In this case, efficiency expressions are needed to characterize the heat transfer. Heat transfer coefficients and temperatures provide the heat fluxes transferred from the different elements to ambient as indicated in Eqs. (14) (15) (16) .
Therefore, once these expressions have been solved and Eq. (17) applied to each element, a linear system of equations is obtained, composed of three equations with three unknowns, finally providing T 1 , T 3 , and T 4 .
This process is repeated until the temperature difference between two consecutive iterations drops below an established value.
Hydraulic Calculation
The total hydraulic losses are formed by the addition of the different pressure losses along each element of the system, as indicated in Eq. (18) .
Pressure losses are divided into primary and secondary losses, whose characteristic coefficients are fL D and k local , respectively, i.e.,
The friction coefficient (f) is a function of the fluid flow inside the pipes. The Reynolds number determines whether the fluid flow is laminar or turbulent, in order to apply Eq. (20) 
The fluid properties depend on temperature, so the velocity and temperature should be known to calculate the hydraulic losses along the different elements of the system. This is why the thermal calculations are carried out first. Knowing the mass flow, the velocities can be calculated based on the cross-sectional area of the pipes. However, the TEM-to-water heat exchanger has parallel channels, so the mass flow along each channel is unknown. Due to the local losses at channel inputs and outputs, it cannot be considered that each channel has the same mass flow. Noticing that the friction coefficient depends on the mass flow, it is necessary to solve a nonlinear system. The procedure to solve the hydraulic losses in the TEMto-water heat exchanger is therefore also an iterative method.
The secondary loss coefficients are only dependent on the pipe geometry and setup. Some specific values used are as follows: k elbow ¼ 0:5; k entry ¼ 0:5; k exit ¼ 1; k branch flow ¼ 1; k line flow ¼ 0:25. 17 Solution of the thermal and hydraulic expressions for each mass flow provides the characteristic curves of the system. The intersection of the pump curve and the hydraulic losses curve provides the operating point, i.e., the mass flow circulating in the system. This information provides the thermal resistances of the system. Since the goal of the model is to obtain the total thermal resistance of the dissipation system, the TEM temperature has to be known. Equation (22) calculates the TEM temperature via the TEM-to-water heat exchanger thermal resistance. The solution for this resistance is more complicated than utilizing the expressions presented above. This resistance is formed by the addition of the conductive resistance [calculated by Fluent computational fluid dynamics (CFD) software], the contact resistance (experimentally obtained), and the internal convection resistance (provided by Nusselt expressions). Figure 4 shows the computational model flowchart.
CFD Verification
The objective of this section is to assess whether the values obtained by the computational model are in good agreement with the values obtained by Ansys Fluent CFD software. This verification focuses on the TEM-to-water heat exchanger. Simulation of the whole dissipation system (the two heat exchangers, pump, and pipes) by CFD would require a huge amount of time as well as a very powerful computer. Furthermore, the results obtained from the CFD software would represent just a specific geometry, and a whole new simulation (geometry, meshing, and fluid calculations) would be required for a new geometry. However, the computational model developed in this paper is suitable for simulation of any thermal resistance, making this methodology very powerful for calculation and design of TEGs.
The particular heat exchanger simulated includes 4-mm-diameter channels and two inputs and two outputs. This heat exchanger dissipates heat from 12 TEMs. The mesh of this geometry is crucial, since it has to be fine enough to predict the thermal effects inside the channels, but large enough to reach the solution in a reasonable period of time. The collector and channel distribution is shown in Fig. 5a , while Fig. 5b shows a detail of the mesh. Figure 6 presents the thermal distribution. Figure 6a shows the water as it flows along the channels. The symmetry of the thermal contours implies that the simulation has reached a stationary point, so the desired solution has been found. Figure 6b shows the importance of creating a small mesh to account for wall effects in the channels. Figure 7 shows the thermal resistance versus the water mass flow provided by both the CFD software and computational model. As can be seen, the computational model predicts the heat exchanger behavior accurately and properly computes the dependence of the thermal resistance on the mass flow. The maximum deviation in the thermal resistance is 5%. Furthermore, the computational time is decreased by 99.9% compared with that required by the CFD software.
Thus, the computed thermal resistance values are proven to be consistent, giving credibility to the results presented in ''Results'' section. 
STUDIED CASES
Given the great potential of thermoelectric technology for waste heat recovery, [5] [6] [7] this work uses as a heat source the heat of the smoke from a combustion process. Specifically, the smoke comes from the combustion boiler of a paper mill located in Sangü esa (Navarra), Spain.
The characteristics of the smoke are provided by the data in Table I . The smoke temperature at the chimney is 200°C, while the mean ambient temperature at this location is 15°C. . Their operating temperature can be as high as 250°C, 18 since they have special welds to endure high operating temperatures. The module dimensions are 40 mm 9 40 mm with thickness of 3.53 mm. They enclose 127 thermocouples fabricated from bismuth and tellurium. The total TEG occupied area ratio is
that is, 70% of the total area is occupied by the TEMs.
The TEG system is directly located on the chimney. A finned dissipator is located on the hot side of the TEM. This heat exchanger has thickness of 10 mm with 35-mm-long fins with thickness of 2 mm and spacing of 10 mm. Due to the high occupation ratio, the thermal resistance of the hot-side heat exchanger is 1.63 K/W, as demonstrated in Ref. 1 .
The cases studied use various cold-side heat exchangers:
Case 1: Finned Dissipator and Fan
The aluminum finned dissipator has thickness of 14 mm and fin length of 25 mm. The thickness and spacing of the fins are 1.5 mm and 2.46 mm, respectively. Over the dissipator, a fan is situated to make air circulate over the fins, increasing the convective coefficient. The cold-side thermal resistance is 0.44 K/W.
The operating point and power consumption of the fan were obtained through the air losses and the air mass flow necessary to obtain the resistance mentioned. The 5.5-W fan (SUNON MEC02551V1-0000-A99) was used to extrapolate the power consumption, obtaining a total power consumption of 60 W.
Case 2: TEM-to-Water Heat Exchanger and Fan-coil-1
The TEG is located at a height of 2 m. The 144 TEMs form four parallel branches, each composed by 36 TEMs. The total water flow, i.e., the sum of the water that circulates along each branch, is cooled down by a single fan-coil. A WILO-Stratos PICO 15/1-6-130 pump is responsible for circulating the water. The power consumption of the pump is 40 W with a maximum head of 6 m.
The fan-coil is composed of 24 tubes, 0.6 m long, with total cross-sectional area of 0.12 m 2 . The tubes are embedded in a finned kernel, while some fans move the air into the fin spacing to achieve higher convective coefficients. The thickness of the fins is 0.2 mm, and their spacing is 1.6 mm. The fan-coil geometry provides compactness to the TEG. Furthermore, 30 W of extra power consumption is needed to procure a thermal resistance of 0.48 K/W. This value was obtained using the computational model explained in the ''TEM-to-Ambient Heat Exchanger Computational Model'' section. The TEM configuration is the same as that in case 2. The difference is the fan-coil size. Now, the total fan-coil length is 1.2 m with total heat transfer area of 0.25 m 2 ; the area is double that in case 2. The total fan consumption is 60 W to achieve a thermal resistance of 0.38 K/W.
Case 4: TEM-to-Water Heat Exchanger and Natural Convection
This case is similar to case 2, but it does not include a fan, so natural convection occurs over the fins. In this case, the only power consumption is that required by the pump. The total heat transfer area is significantly increased to 0.96 m This configuration is similar to that in case 4, but with a small wind velocity (0.5 m/s) that increases the convective coefficient and improves the thermal resistance.
RESULTS
The results were obtained by combining the two computational models as shown in Fig. 2 . Case 1 does not need the interaction between the models, because the heat exchanger is a simple finned dissipator. In this case, only the TEG computational model was used. The objective of this study is to compare the efficiency of the TEG, provided by Eq. (23), among the different heat dissipation systems. 
The operating point of each dissipation system is crucial, since the thermal resistances strongly depend on the water mass flow, which at the same time depends on the pump and the connecting pipes. Figures 8 and 9 show the dependence of the thermal resistances on the water mass flow. Figure 10 provides a comparison between natural convection and forced convection with wind velocity of 0.5 m/s. Figures 8 and 9 show the strong dependence of the total thermal resistance, R c , on the water mass flow. However, the main two thermal resistances that form the total thermal resistance have different behaviors: R TEM shows strong dependence on the water mass flow, whereas the dependence of R f on flow is negligible. The latter occurs because, at the fan-coil, the dominant convection coefficient is the external one, which strongly depends on the air mass flow but not on the water mass flow. As a consequence, the water mass flow has negligible influence on the fan-coil performance. On the other hand, at the TEM-to-water heat exchanger, the governing heat transfer mechanism is internal convection, which entirely depends on the water mass flow. Figure 8 indicates that increasing the water mass flow, by increasing the pump consumption, does not lead to a significant decrease of the total thermal resistance. This is because the total thermal resistance is limited by the fan-coil thermal resistance, which presents no dependence on the water mass flow, as indicated above. Figure 9 underlines the importance of accounting for the thermal resistances of the connecting pipes. When natural convection occurs, the fan-coil thermal resistance is higher than the total thermal resistance, which can only be explained by the fact that part of the heat emitted by the cold side of the TEM is transferred to ambient from the pipes. The piping composition and air velocity are the decisive factors for the piping thermal resistances.
The air velocity is decisive for the total thermal resistance in the absence of fans. A small wind velocity of 0.5 m/s can lead to a 25% reduction in the thermal resistance. Table II summarizes the computational results obtained for the five cases. It presents the total thermal resistance, TEM-to-water heat exchanger thermal resistance, water-to-ambient thermal resistance, auxiliary equipment consumption, TE generated power, heat dissipation, and TEM and total efficiencies. Figure 10 presents the power consumption and electric power generation for each case, and the total thermal resistance. From a thermal point of view, case 3 is the best, since it has the lowest thermal resistance. However, it exhibits the worst total efficiency, due to the consumption by the auxiliary equipment, which is higher than in any other case and causes the drop of the net generated power.
The TEM-to-water thermal resistance is smaller than the thermal resistance in case 1, where only a fin dissipator is installed. However, the generated power is smaller in case 2, where the heat exchanger with water as a working fluid is simulated. This situation shows that the TEM-to-water dissipator is not the only heat exchanger that should be accounted for when designing dissipation systems. In case 2, the fan-coil resistance makes the total thermal resistance increase to a higher value than that in case 1, so the electric power generation is lower. In addition, the consumption of the auxiliary equipment also grows, reducing the net power even further.
Cases 4 and 5 have no fans, so the auxiliary consumption only includes the pump. As the auxiliary consumption decreases, even with higher thermal resistances, the net power is higher than obtained in the other cases.
CONCLUSIONS
A computational model has been implemented for the TEM-to-ambient heat dissipation system. This computational model simulates the TEM-to-water heat exchanger and the subsequent water cooling. The water cooling circuit includes a pump, a waterto-ambient heat exchanger, and the connecting pipes. The model calculates the total thermal resistance of the dissipation system, the electric power consumption, as well as the influence of the water and air mass flows.
The combination of the two computational models creates a powerful calculation and design methodology for TEGs, capable of predicting the net power generation. Auxiliary consumption must be taken into account when maximizing the net generation power.
Through the study of five different cases, it has been proved that studying the TEM-to-water thermal resistance alone is not enough. It can happen that, despite this resistance being lower than the thermal resistance of a finned dissipator, the total resistance of the water dissipation system can be higher than that of the dissipator. This can happen because of the fan-coil thermal resistance.
Another important conclusion is the fact that the case with the best thermal resistance is not the case with the highest net power generation. The increase in the power consumption of the auxiliary equipment is greater than the increase in the TE power generation resulting from the decreased TEM coldside thermal resistance. Thus, this methodology is capable of optimizing the dissipation system as a whole, taking into account thermal resistances and power consumption.
Among the studied cases, case 3 has the lowest thermal resistance, so the TE power generated is the highest. However, it has the lowest net power, owing to the consumption by the auxiliary equipment. Case 4 and case 5, which have no fans, have the best net power generation, but require larger heat exchange areas.
